quent endothelial cell hyperpolarization is a prerequisite polarization and relaxation were assessed using sharp microfor the transfer of the signal to vascular smooth muscle electrodes impaled into interlobar smooth muscle cells and in cells, a decrease in muscle Ca 2ϩ levels and relaxation [1] .
organ chamber experiments, respectively. All experiments were A series of different mechanisms have been proposed performed in the combined presence of NO synthase (NOS) to explain the EDHF phenomenon (for review see [2, 3] );
and cyclooxygenase inhibitors and the thromboxane analog U46619.
however, there are currently three main pathways that to activate either inwardly rectifying K ϩ channels or the relaxation appear to be dependent on the activation of ouabainNa-K-ATPase and thus elicit vascular smooth muscle sensitive subunits of the Na-K-ATPase.
hyperpolarization [6] . A third cellular mechanism, which could account for EDHF-mediated relaxation and which In many vascular beds flow-dependent and agonistappears to play a significant role in resistance-sized arterinduced vasodilatation are not regulated by either nitric ies [7] , involves the transfer of a hyperpolarizing sigoxide (NO) or prostacyclin (PGI 2 ) but by a mechanism nal [eventually via a cyclic adenosine monophosphate (cAMP)-dependent mechanism] from endothelial cells to smooth muscle cells through myo-endothelial gap acterized using arteries isolated from experimental anicomposition: 132 mmol/L NaCl; 4 mmol/L KCl; 1.6 mmol/L CaCl 2 ; 0.98 mmol/L MgCl 2 ; 23 mmol/L NaHCO 3 ; mals and relatively little information is available regarding the class of EDHF which predominates in human 0.36 mmol/L NaH 2 PO 4 ; 10 mmol/L glucose; 0.05 mmol/L Ca-Titriplex. arteries [14] [15] [16] [17] [18] [19] . The aim of the present investigation was to characterize the agonist-induced NO/PGI 2 -indepenPassive tension was gradually adjusted over a 120-minute period to 2 g, thereafter segments were exposed dent relaxation of human renal interlobar arteries and to determine which EDHF mechanism mediates this to a modified Tyrode's solution rich in KCl (80 mmol/L) until stable contractions were obtained. After washing, response.
arterial rings were exposed to the thromboxane analog U46619 (0.01 to 0.5 mol/L) to achieve a stable contrac-METHODS tion, which was approximately 80% of the maximal KClMaterials induced contraction. Thereafter, the integrity of the endothelium was assessed by the application of acetylAll compounds were prepared as stock solutions in water, diluted in the experimental solution, and applied choline (1 mol/L) and vessels exhibiting less than 80% relaxation were discarded. Experiments were performed to the bath. Ouabain was dissolved in dimethyl sulphoxide (DMSO), so that the concentration did not exceed in the continuous presence of diclofenac (10 mol/L) and, except for the experiments evaluating NO responses, 0.1% in the final solution. Charybdotoxin was from Bachem (Heidelberg, Germany) and all other substances in the continuous presence of N nitro-l-arginine (L-NA, 300 mol/L). Agonist-induced relaxations were studied were from Sigma (Deisenhofen, Germany).
by performing cumulative concentration-response curves Vessel preparation to acetylcholine (1 nmol/L to 1mol/L). To determine the response to the cumulative application of KCl, the Human kidneys were obtained during nephrectomy as a result of renal carcinoma and interlobar arteries were extracellular concentration of KCl was increased in steps of 1 mmol/L from 4 to 8 mmol/L. excised from tissue that was considered to be free of carcinoma by the surgeon. Excision of the arteries was Electrophysiologic measurements performed immediately after nephrectomy in the operating room under sterile conditions. Arteries were disMembrane potential in native vascular smooth muscle cells was measured as described [20] . Briefly, rings of sected, cleaned from adventitial adipose and connective tissue, and cut into rings (3 to 4 mm) for organ bath interlobar artery (4 to 5 mm) were carefully slit along the longitudinal axis and pinned adventitial side downstudies. The period between isolation and the start of experiments was less than 2 hours. Subjects were exward to the bottom of a chamber and continuously superfused (1 mL/minute) with Tyrode's solution containing cluded if they had arterial hypertension (defined by blood pressure above 140/90 mm Hg measured on three diclofenac (10 mol/L), L-NA (300 mol/L), and U46619 (100 nmol/L) to mimic conditions in the organ chamber. different occasions), renal insufficiency (serum creatinine above 140 mol/L), known cardiovascular disease Smooth muscle membrane potentials were measured using conventional microelectrodes, pulled with a vertical (angina pectoris, previous myocardial infarction or coronary artery bypass grafting), diabetes (fasting serum glupipette puller (HEKA Elektronik, Lambrecht/Pfalz, Germany) from filamented borosilicate glass tubing (Science cose above 7 mmol/L), or if the nephrectomized kidney was greater than 9 cm in its longitudinal diameter meaProducts, Hofheim, Germany). Microelectrodes were filled with 3 mol/L KCl. The electrical resistance of the sured by ultrasound or computed tomography. The protocol was approved by the local ethics committee. Interelectrodes, measured in modified Tyrode's solution, was 50 to 80 M⍀. Impalements were performed from the lobar arteries from 15 patients (54 Ϯ 1.4 years; nine female and six male) were used. Due to the limited intimal side of the vessel. The potential measured was followed on an oscilloscope and traced with a pen renumber of arteries, subgroup analysis with regard to differences in vascular reactivity due to gender or age corder. Primary criteria for successful impalement were a sharp voltage deflection upon entering the cell, as judged was not performed.
visually on the oscilloscope, and a sharp return to the Vascular reactivity studies baseline value upon withdrawal of the pipette. Renal interlobar arteries were mounted between force Statistics transducers (Hugo Sachs Elektronik-Harvard Apparatus, Germany) and a rigid support for measurement of Data are expressed as the mean Ϯ SEM and statistical evaluation was performed using Student t test for isometric force and incubated in organ baths containing warmed (37ЊC), oxygenated (20% O 2 , 5% CO 2 and 75% paired or unpaired data, one-way analysis of variance (ANOVA) followed by a Bonferroni t test, or ANOVA N 2 to give a pO 2 mediated relaxation of large porcine coronary arteries [5] , did not affect the concentration-relaxation curve to acetylcholine in human interlobar arteries ( Fig. 2A) . 0.05 were considered statistically significant. R max repreAs blockade of the Na-K-ATPase by ouabain has been sents the maximal relaxation recorded in response to the reported to attenuate EDHF-mediated hyperpolarizacumulative addition of a given agonist and pD 2 (-log tion of some human subcutaneous arteries [18, 21], we EC 50 ) values were calculated by nonlinear regression of determined the effects of this inhibitor on the acetylchothe concentration-relaxation curves.
line-induced relaxation of rings of human interlobar arteries. The concentration of ouabain used (100 nmol/L) RESULTS did not affect basal tension (data not shown) but attenu-NO/PGI 2 -independent relaxation ated the acetylcholine-induced EDHF-mediated relaxation. R max was reduced from 91.9 Ϯ 5.0% to 19.7 Ϯ 10.5% In U46619-precontracted rings of renal interlobar ar-(P Ͻ 0.01, N ϭ 5; Fig. 2B ). tery, acetylcholine elicited concentration-dependent relaxations. The inclusion of L-NA (300 mol/L) in the Comparison of EDHF-mediated and organ bath slightly attenuated maximal acetylcholineKCl-induced relaxation induced relaxation (from 98.0 Ϯ 0.7% to 84.2 Ϯ 5.5%, Low concentrations of KCl (4 to 10 mmol/L) are re-N ϭ 6, P Ͻ 0.05) and resulted in a significant rightward ported to activate the Na-K-ATPase in vascular smooth shift in the concentration-relaxation curve to acetylchomuscle cells [22] , and increasing the extracellular concenline (pD 2 values were 7.5 Ϯ 0.1 versus 6.9 Ϯ 0.2 in the abtration of KCl in steps of 1 mmol/L from 4 to 8 mmol/L sence and presence of L-NA, N ϭ 6, P Ͻ 0.05; Fig. 1A) .
elicited an endothelium-independent relaxation of interThe combination of charybdotoxin (100 nmol/L), a lobar artery rings (Fig. 3A) .
Equivalent concentrations blocker of intermediate and large conductance K ϩ
Ca chanof NaCl were without effect (data not shown). The KClnels and apamin (100 nmol/L), a blocker of small-coninduced relaxation was unaffected by the combination ductance K ϩ Ca channels, almost completely prevented aceof charybdotoxin and apamin (each 100 nmol/L; Fig. 3B ) tylcholine-induced, NO/PGI 2 -independent relaxation (Fig. but was abolished in vessels pretreated with ouabain 1B). Since the sensitivity to charybdotoxin/apamin is a (100 nmol/L, Fig. 3C ). hallmark of EDHF-mediated responses, the NO/PGI 2 -independent relaxation of the interlobar artery is subseElectrophysiologic measurements quently referred to as an EDHF-mediated relaxation.
Electrophysiologic experiments to record changes in Characterization of the EDHF-mediated relaxation smooth muscle membrane potential were performed in the presence of L-NA, diclofenac, and U46619 (100 Sulfaphenazole (10 mol/L), a specific inhibitor of CYP 2C9, which inhibits the bradykinin-induced, EDHFnmol/L) to mimic the conditions under which tone was presence of ouabain, N ϭ 4 to 6) but markedly attenuated the acetylcholine-induced hyperpolarization (Fig. 4A ).
Increasing the extracellular KCl concentration from 4 particularly prominent in arteries demonstrating endothelial dysfunction and an impaired NO-mediated vasoto 10 mmol/L resulted in the hyperpolarization of smooth muscle cells, which was also significantly inhibited in the dilator response to acetylcholine and increased flow, which has led to the suggestion that EDHF may act as a presence of ouabain (Fig. 4B) .
back-up vasodilator system when NO production or bioavailability is impaired [30, 31] . In the human interlobar DISCUSSION artery, we found no evidence of the expression of cytoThe results of the present study demonstrate that a chrome P450 2C (the enzyme identified as a putative substantial portion of the acetylcholine-induced relax-EDHF synthase in porcine coronary arteries [5] , data ation of the human interlobar artery is mediated by a not shown) and no evidence to suggest that the acetylmechanism that does not involve the generation of either choline-induced EDHF mediated hyperpolarization or NO or PGI 2 . This NO/PGI 2 -independent relaxation was relaxation of vascular smooth muscle is related to the associated with the activation of the Na-K-ATPase and activation of cytochrome P450 enzymes. This finding the hyperpolarization of smooth muscle cells.
contrasts somewhat with the porcine interlobar artery NO/PGI 2 -independent relaxations, which are associsince, although cytochrome P450 activity cannot account ated with the hyperpolarization of vascular smooth musfor the majority of the EDHF response in this artery, sulcle cells, are generally attributed to the generation and refaphenazole did induce a rightward shift in the EDHFlease of an EDHF. Although several mechanisms may be mediated concentration-relaxation response curve to brainvolved in the endothelium-dependent hyperpolarizadykinin [32] . The transfer of endothelial cell hyperpolartion and relaxation of smooth muscle cells, there is one ization to smooth muscle cells via myo-endothelial gap characteristic that is shared by all of the EDHFs described junctions is an additional possibility, although this mechto date and that is the absolute prerequisite for the actianism is more evident in small, resistance-sized arteries. vation of K ϩ Ca channels and the hyperpolarization of enHowever, due to the limited amount of human material dothelial cells prior to the transfer of this signal to vascuavailable, it was not possible to thoroughly address the lar smooth muscle cells. This dependence is highlighted role of gap junctions in the EDHF-mediated relaxation by the sensitivity of the response to the combination of of the human interlobar artery. charybdotoxin and apamin [23] . As apamin inhibits small An increase in the concentration of K ϩ ions in the conductance K ϩ Ca channels, whereas charybdotoxin inhibintimal space between the endothelial and smooth musits large and intermediate conductance K ϩ Ca channels, the cle cell layers would be expected to activate inwardly toxin combination targets the whole range of K ϩ Ca chanrectifying K ϩ channels and/or the Na-K-ATPase in smooth nels expressed on the endothelium [24] . Endothelial cell muscle cells and thus elicit hyperpolarization. There is hyperpolarization can therefore be initiated by hemodyevidence to suggest that a K ϩ -like EDHF may be physionamic stimuli as well as by agonists that increase endologically relevant in humans since barium, which inhibits thelial [Ca 2ϩ ] i and activate K ϩ Ca channels or which elicit inwardly rectifying K ϩ channels, is reported to reduce the generation of factors (e.g., EETs), which enhance resting blood flow and inhibit potassium-induced vasodithe sensitivity of K ϩ Ca channels to Ca 2ϩ [25] . The hyperpolatation in the human forearm [19] and, in patients with larization of some arteries can be significantly attenuated essential hypertension, ouabain attenuates the bradykiby charybdotoxin [26] or iberiotoxin alone [27, 28] and nin-induced, NO/PGI 2 -independent vasodilatation in the this phenomenon is currently thought to reflect differforearm vasculature [15] . However, we found no effect of ences in the expression of K ϩ Ca channel subtypes on the barium (30 mol/L) on the acetylcholine-induced EDHFendothelial cells in question.
mediated relaxation of human interlobar arteries (auOnce the endothelial cell hyperpolarization has been thors unpublished observations), a finding that is consistransferred to the vascular smooth muscle, [Ca 2ϩ ] i is detent with reports that inwardly rectifying K ϩ channels creased partially due to the inhibition of Ca 2ϩ entry are expressed mainly in smaller resistance-sized arteries through voltage-dependent Ca 2ϩ channels [29] . Experi-(Ͻ200 m) (for review see [33] ). In rabbit renal arcuate mental evidence suggests that the hyperpolarization sigarteries, KCl-induced vasorelaxation is also reported to nal can be transferred from one cell type to the other be sensitive to ouabain but insensitive to barium since by one (or more) of three mechanisms (i.e., by the release inwardly rectifying K ϩ channels have a low average denof a diffusible factor such as an EET, the release of K ϩ sity in arcuate artery smooth muscle cells [34] . ions from endothelial cells, and via activation of gap
In the human interlobar artery, the EDHF-mediated junctional communication).
relaxation was abolished by the combination of chaStudies in humans [16] or using isolated human vessels rybdotoxin and apamin and could be mimicked by in-[14, 17, 18] have described a NO/PGI 2 -independent vasocreasing the extracellular concentration of KCl. Both dilatation/relaxation that can be attenuated by cytothe EDHF-and the KCl-induced hyperpolarization and relaxation of human interlobar arteries were sensitive chrome P450 inhibitors. This type of EDHF response is
